Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the promising conjugated polymeric materials for organic devices such as organic solar cell or organic electroluminescence display. Hydroxypropyl cellulose (HPC) is a product of chemical-modified cellulose. HPC shows liquid crystal at appropriate condition in solvents. HPC has been used for a binder of medicines and can be applied for green sustainable chemistry in materials science. In this study, poly(bis-(3,4-ethylenedioxythiophene)), abbreviated as poly(bis-EDOT), film is prepared in cholesteric liquid crystals with electrochemical polymerization. We employ a dimer of EDOT (bis-EDOT) as a monomer because bis-EDOT shows good affinity with liquid crystals and the linear shape of bis-EDOT allows pre-orientation in liquid crystal prior to polymerization. The polymer film thus prepared in cholesteric liquid crystals (CLC) shows characteristic circular dichroism (CD) derived from 3-D asymmetric super structure. This study demonstrates that polymerization of the linear-shaped bis-EDOT can effectively imprint 3-D asymmetric structure from HPC as a polymer CLC matrix and form conductive polymer/non-conductive polymer composite.
Introduction
Electrochemical method is widely used to prepare electrochromic materials. Previously, a technique for preparing chiral conjugated polymer films in a thermotropic chiral liquid crystal (LC) from achiral monomer with sandwich cell polymerization has been reported [1] . Further, molecular orientation of LC medium induced by magnetic field allows production of uniaxial oriented polymers, indicating macroscopic arrangement of reaction medium can control molecular aggregation form of resultant materials [2, 3] .
Synthesis of oriented polyacetylene in a nematic LC has been carried out [4] . In 1994, Goto firstly proposed an idea for production of LC chiral reaction field by addition of chiral compounds (chiral inducers or chiral dopant) to achiral nematic reaction field based on the previous research [5] . Later, synthesis of electrochemical and chemical production of conducting polymers in cholesteric liquid crystal (CLC) was carried out [6, 7] . CLC forms helical structure and shows selective reflection of light derived from periodicity of helical structure. CLC phase is a comprehensively nematic phase and can be induced from nematic LC by adding a chiral compound as chiral inducer. We have been prepared CLC electrolyte solution by addition of appropriate chiral inducer such as cholesteryl oleyl carbonate (COC) or cholesterol pelargonate (CP) to 4-cyano-4′-n-hexyl biphenyl (6CB). HPC in solvent as a polymer CLC system can be conveniently applicable for electrochemical polymerization. HPC was used as a template for production of polymers [8, 9] .
Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the most promising conductive polymers for production of organic solar cell or organic electroluminescence display [10] [11] [12] . To obtain electroactive high-performance film, aggregation and orientation in molecular level are quite important factors. Electrochemical polymerization in CLC can afford to prepare aggregation form of resultant polymer in helical manner. However, it is difficult to obtain orientated polymer from mono-EDOT unit as a monomer in LC because the EDOT unit is hardly pre-oriented in the LC solution.
Three-electrode system consisting of counter electrode, working electrode, and Ag reference electrode coated on glass substrate for electropolymerization of mono-EDOT in LC with sandwich cell method, the author previously developed, can produce polymer; however, the Ag reference in the polymerization cell is unstable, while CLC finger print pattern is exactly transcribed to polymer film with EDOT trimer in low molecular weight LC, 6CB in two-electrode convenient s y s t e m [ 1 3 ] . I n t h i s r e p o r t , 2 , 2 ′ -b i s ( 3 , 4 -ethylnenedioxythiophene) (bis-EDOT) [14] as an EDOT dimer is used for electrochemical preparation of polymer film in the LC with two-electrode electrochemical cell. The dimer is easily pre-orientated in the HPC medium. Pre-orientation of monomers is important factor for obtaining structural transcription of molecular order from CLC matrix. HPC can be intertwisted with conjugated polymers prepared with electrochemical polymerization in HPC for production of polymer/HPC composite [13, 15, 16] . Sequential process of molecular imprinting of chirality from HPC and subsequent formation for construction of optically active composite allow producing an electrooptically active conductive/nonconductive composite film. Furthermore, combination of HPC and resultant polymer improves mechanical strength, durability, and stability of the film.
Experimental

Materials
Hydroxypropyl cellulose (HPC) was purchased from Wako Pure Chemical Industries (Japan) and used as received. Tetrabutylammonium perchlorate (TBAP), cholesterol pelargonate, and 4-cyano-4′-pentylbiphenyl (5CB) were purchased from Tokyo Chemical Industry (TCI, Japan) and used as received. N,N-dimethylformamide and acetonitrile were obtained from Nacalai Tesque (Japan) and used as supplied. A monomer bis-EDOT was previously synthesized [3, 14] .
Instruments
Infrared absorption was measured with an FT-IR 4600 (Jasco) by using the KBr method. UV-vis optical absorption spectroscopy measurements were carried out with a V-630 UV-vis optical absorption spectrometer (Jasco, Japan). Optical textures were observed by polarizing optical microscopy using an ECLIPS LV 100 polarizing microscope (Nikon, Japan). Circular dichroism spectroscopy was measured with a J-720 (Jasco). Cyclic voltammetry measurements were carried out with a μAUTOLAB TYPE III (ECO Chemie, the Netherlands). 
Preparation of polymer films
Two types LC electrolyte solutions of 5CB-based low molecular weight LC electrolyte solution and HPC-based polymer CLC electrolyte solution were prepared prior to the electrochemical polymerizations. CP (cholesterol pelargonate, chiral inducer) and bis-EDOT were dissolved in 5CB to prepare the low molecular weight LC electrolyte solution. TBAP and bis-EDOT were dissolved in N,N-dimethylformamide (DMF) to prepare the polymer LC electrolyte system. An appropriate amount of HPC was added to the DMF electrolyte containing the monomer and the supporting salt. The mixture was stirred vigorously by glass rod at room temperature [15, 16] . Table 1 shows quantity of the compounds for the electrochemical polymerizations.
5CB-or HPC-based CLC electrolyte solution containing monomer was injected between two indium-tin-oxide-coated (ITO) glass slides sandwiched cell with a Teflon sheet as a spacer. Optical textures of the electrolytes were observed with the POM for visually confirmation of CLC phase (Fig. 1) . Then, a constant voltage of 6.0 V was applied for 30 min at room temperature to carry out electrochemical oxidative polymerization at anode side of the ITO. The resultant deposited on the ITO glass was washed with hexane, distilled water, and acetone to obtain polymer films. For the purposes of comparison of polymer obtained in CLC electrolyte with normal electrolyte, poly(bis-EDOT) film was prepared in acetonitrile solution (isotropic solution). A constant voltage of 3.0 V was applied for 30 min at room temperature to prepare film. The film was washed with hexane and THF. 3 Results and discussion Figure 2 shows infrared (IR) absorption spectra of HPC, bis-EDOT monomer, poly(bis-EDOT) film prepared in acetonitrile, the polymer films prepared in 5CB, and HPC. The resultant polymers were peeled off from the ITO glass and the resultant powder samples were examined with the KBr disk method. The polymer prepared in HPC shows characteristic broad absorption band due to HPC at around 1100 cm . This result indicates that HPC is remained in the polymer film. HPC cannot be completely removed from the polymer films by washing because HPC forms composite with poly(bis-EDOT) [12, 16] . The polymer prepared in CLC shows characteristic absorption bands at the fingerprint region. The absorption bands of the polymer prepared in 5CB-based CLC electrolyte solution at 689 and 980 cm −1 are ascribed to the C-S bond of the thiophene ring. An absorption band at 1091 cm −1 is derived from stretching of ethylenedioxy group.
IR
These absorption bands are similar to the previous report of poly(bis-EDOT) [3, 12, 17] . The IR spectra of the polymer in 5CB shows no CN stretching derived from 5CB, indicating the polymer film is pure poly(bis-EDOT). In the case of polymerization in low molecular weight LC, phase separation between the matrix LC and the polymer occurs during the growing process of the polymer, while the IR signals of 689, 980, and 1091 cm −1 for the polymer prepared in HPC are no clearly appearance due to overlap of the broad absorption signals of the HPC. This can be due to the fact that composite formation occurs between HPC as polymer matrix in the growing process.
UV-vis
UV-vis absorption spectra of the poly(bis-EDOT) films are shown in Fig. 3 . Generally, conjugated polymers show absorption band in the visible region due to π-π* transition of the main chain. Development of π-conjugation shifts the absorption toward long wavelengths, which is referred to as red shift. Figure 3a shows absorption spectrum of the film prepared in acetonitrile solution (common electrochemical polymerization method). The reduced state film shows an absorption band at around 500 nm due to π-π* transition of the main chain. Here, radical cations (polarons) and dications (bipolarons) coexist in the main chain. Oxidation in the 400 500 600 700 800 900 1000 1100 electropolymerization produces these charge carriers in the main chain (> 700 nm). Figure 3b shows absorption spectrum of the film prepared in 5CB-CLC (low molecular weight CLC system). The film in reduced state also shows absorption band at around 550 nm due to π-π* transition. The absorption bands due to radical cations (polarons) and dications (bipolarons) appear at 680 and > 1100 nm. Absorption spectrum of the film prepared in HPC-CLC (polymer CLC system) is shown in Fig. 3c . In the reduced state, absorption intensity at long wavelengths decreased because of disappearance of polarons and bipolarons by reduction.
CD
Circular dichroism (CD) absorption spectra of bis-EDOT (monomer) in CLC and poly(bis-EDOT) films are shown in Fig. 4 . The CD spectra evaluated that these polymer films have optical activity derived from asymmetric structures. Electro-synthesized poly(bis-EDOT) without LC electrolyte solution shows (prepared in acetonitrile) no CD signal. Monomer in CLC shows optical activity in the CD, indicating the monomer in the HPC solution is pre-oriented along 3-D asymmetric order of the HPC. Bis-EDOT in 5CB shows negative signal at 421 nm and bis-EDOT in HPC shows negative signal at 360 nm. Poly(bis-EDOT) prepared in HPC-CLC (polymer CLC electrolyte solution) as a product shows positive Cotton effect related to the absorption band of π-π* transition. This result indicated that the asymmetric structure of the HPC in the LC state was transcribed to poly(bis-EDOT) film. Difference of the spectral forms between poly(bis-EDOT) prepared in 5CB and HPC (Fig. 4) can be derived from difference of the chiral environment.
CV
Cyclic voltammetry (CV) analysis of the poly(bis-EDOT) prepared in 5CB-CLC, HPC-CLC, and acetonitrile (as a reference) electrolyte solutions were carried out at a scan rate of 100 mV/s. The CV cell contains the polymer film deposited on ITO glass as a working electrode, a platinum wire counter electrode, and an Ag/AgNO 3 (Ag/Ag + ) reference electrode. The electrolyte solution containing 0.1 M tetrabutylammonium perchlorate in acetonitrile was used after argon burbling for 30 min. The CV analysis reveals the redox behavior, corresponding to electrochemically doping-dedoping (Fig. 5) . All the polymer films appeared redox signals. These results confirm oxidationreduction (electrochemical doping-dedoping) process of the electroactive polymer composite thin film [18] [19] [20] . 
POM
Surface morphology of the polymer films was observed with a polarizing optical microscope (POM). Poly(bis-EDOT) film prepared in HPC-CLC shows a characteristic structure with birefringence ( Fig. 6 (left) ). Poly(bis-EDOT) film prepared in 5CB-based CLC electrolyte solution appears no characteristic optical texture ( Fig. 6 (right) ). In these observations, the resultant polymers show no typical CLC finger print patterns such as fingerprint texture or oily streaks. No morphological similarity between the poly(bis-EDOT) prepared in the CLC electrolyte solutions as a product and the original CLC electrolyte solution was observed. Imprinting of the macroscopic level did not occur in the polymerization, although imprinting in the molecular level from the CLC matrix occurred to show optical activity. In the case of the polymerization in HPC as a polymer CLC, polymerization and composite formation simultaneously occurred. The composite formation breaks original morphology of the matrix HPC to form a new morphology. The polymerization in 5CB as a low molecular weight CLC proceeds growth of the polymer chain and phase separation between the resultant polymer and the matrix 5CB-based CLC, simultaneously. The phase separation may break fingerprint texture of the matrix CLC in this experiment, although polymers obtained in low molecular weight CLC shows fingerprint texture similar to that of the matrix morphology in our previous research. Optical activity of the polymer was exactly confirmed with the CD, indicating macroscopic fingerprint pattern is not a necessary condition to show optical activity. In this case, formation of chiral composite with HPC allows showing optical activity of the resultant product.
Conclusion
Linear-shaped bis-EDOT as a monomer in HPC shows optical activity before polymerization, indicating pre-orientation in cholesteric liquid crystal with 3-D asymmetric manner contributes effective propagation reaction in the matrix. The preoriented monomer grows along the 3-D asymmetric structure of the HPC as a matrix to form optically active composite.
Note that polymerization in HPC results no phase separation between poly(bis-EDOT), although the polymerization in 5CB as a low molecular weight LC results no composite formation between poly(bis-EDOT) and 5CB. This research elucidated sequential steps for formation of chiral conjugated polymer/non-conjugated polymer composite as (1) preorientation in the helical matrix and (2) propagation in the 3-D asymmetric matrix and formation of composite with the chiral matrix (HPC cholesteric liquid crystal). In conclusion, bis-EDOT can be electrochemically polymerized in polymer liquid crystal with convenient method, giving electrooptically active composite. 
